Human airway epithelial cells appear specially programmed for expression of immune response genes implicated in immunity and inflammation. To better determine how this epithelial system operates in vivo, we analyzed its behavior in mouse models that allow for in vitro versus in vivo comparison and genetic modification. Initial comparisons indicated that tumor necrosis factor ␣ induction of epithelial intercellular adhesion molecule 1 required sequential induction of interleukin (IL)-12 (p70) and interferon ␥ , and unexpectedly localized IL-12 production to airway epithelial cells. Epithelial IL-12 was also inducible during paramyxoviral bronchitis, but in this case, initial IL-12 p70 expression was followed by 75-fold greater expression of IL-12 p40 (as monomer and homodimer). Induction of IL-12 p40 was even further increased in IL-12 p35-deficient mice, and in this case, was associated with increased mortality and epithelial macrophage accumulation. The results placed epithelial cell overgeneration of IL-12 p40 as a key intermediate for virus-inducible inflammation and a candidate for epithelial immune response genes that are abnormally programmed in inflammatory disease. This possibility was further supported when we observed IL-12 p40 overexpression selectively in airway epithelial cells in subjects with asthma and concomitant increases in airway levels of IL-12 p40 (as homodimer) and airway macrophages. Taken together, these results suggest a novel role for epithelialderived IL-12 p40 in modifying the level of airway inflammation during mucosal defense and disease.
Introduction
The adaptive immune system (manifested by the diverse repertoire of T cells and B cells) requires signals about the origin of the antigen and the type of response to be induced (1) . Furthermore, these signals appear to be provided by the innate immune system (1) . In this general context, and in the particular context of the response to inhaled materials, we have proposed that the epithelial cells lining the airway surface (i.e., the airway epithelial cell) represents an ideal candidate to act as a primary sentinel site in innate immunity. This possibility derived from the observation that the immune cell response to inhaled agents was directed to the airway epithelium and the subsequent evidence that local factors generated by the airway epithelial cells themselves provided critical biochemical signals for immune cell influx and activation (2) . Our cellular and molecular concepts of this paradigm have subsequently evolved to the point where we recognize that subsets of immune response genes in epithelial cells are specially programmed for normal host defense and furthermore, that the same gene network may be abnormally programmed for immune signaling in inflammatory diseases such as asthma (3) . For example, it appears that epithelial expression of a cell adhesion molecule (i.e., intercellular adhesion molecule [ICAM] 1 -1) and a chemokine (i.e., regulated upon activation, normal T cell expressed and secreted [RANTES] ) are critically coordinated to direct mucosal 340 IL-12 and Epithelial Cells immune cell traffic (4) (5) (6) (7) (8) and that overexpression of ICAM-1 and RANTES are invariant features of asthmatic airway inflammation (7, 9) .
The present studies were initiated to better define epithelial immune signaling using a mouse model that could be subjected to genetic modification. Initial experiments using wild-type mice and same-strain mice with disruption of IL-12 or IFN-␥ genes indicated that ICAM-1 expression was inducible either directly by IFN-␥ or via a cytokine cascade initiated by TNF-␣ and proceeding to sequential induction of IL-12 and then IFN-␥ . These findings fit with previous evidence for selective IFN-␥ responsiveness of epithelial ICAM-1 gene expression (10) (11) (12) , but also unexpectedly localized the site of IL-12 production to airway epithelial cells. As IL-12 is generally produced by antigenpresenting cells (i.e., macrophages, dendritic cells, and B cells) in other settings (13) (14) (15) (16) , we next defined the site of IL-12 induction by a more natural stimulus that is also relevant to asthmatic airway inflammation (17) . In particular, we found that initial IL-12 expression was inducible by mouse parainfluenza type I (Sendai) virus and was confined to airway epithelial cells (the host cells in this setting). Initial IL-12 induction was followed by excessive expression of IL-12 p40 that could be further enhanced in IL-12 p35-deficient mice. Others have provided evidence that IL-12 p40 may function as an antagonist of IL-12 action (18) (19) (20) (21) , but in this case, its production resulted in airway inflammation and increased mortality. Although toxicity has been observed for overproduction of IL-12 (22, 23) , inflammation due to IL-12 p40 had not been observed. Thus, the results placed excessive generation of IL-12 p40 as a key intermediate for virus-inducible inflammation and a candidate for epithelial immune response genes that are abnormally programmed in inflammatory disease. We next confirmed this possibility by finding IL-12 p40 overexpression in airway epithelial cells in subjects with asthma.
Taken together, the results provide for a new cellular source of IL-12 and IL-12 p40 that is inducible by viral infection, a new functional consequence of IL-12 p40 production in vivo that is not dependent on actions of IL-12 p70 or IFN-␥ , and the first evidence that epithelial IL-12 p40 expression is abnormally programmed in asthma. In conjunction with previous observations of constitutive activation of signal transducer and activator of transcription (Stat)1 and Stat1-dependent genes (typified by ICAM-1) and inducible expression of RANTES in asthma (7, 9) , the findings further support the possibility that pathways normally responsive to T helper type 1 cytokines are also dysregulated in allergic disease.
Materials and Methods
Materials. Recombinant murine TNF-␣ was from PeproTech; recombinant murine IFN-␥ and biotinylated rat antimouse IL-12 mAb (clone C17.15 recognizing IL-12 p40 and IL-12) were from Genzyme; recombinant mouse IL-12 p40 monomer, IL-12, recombinant human IL-12 p40 monomer and IL-12, hamster anti-mouse ICAM-1 IgG mAb (clone 3E2), and rat anti-mouse Mac-3 mAb (clone M3/84) were from BD PharMingen; recombinant murine IL-12 p40 homodimer and goat anti-human IL-12 pAb were from R&D Systems; rabbit anti-human IL-12 p35 Ab and goat anti-mouse IL-12 p40 Ab were from Santa Cruz Biotechnology, Inc.; rat anti-IL-12 p40 IgG 2a hybridoma C17.8 was a gift of G. Trinchieri (Wistar Institute, Philadelphia, PA); mouse anti-cytokeratin IgG 1 mAb (clone C-11) and rat nonimmune IgG were from Sigma-Aldrich; goat anti-mouse IgG F(ab Ј ) 2 conjugated with Cy3, rabbit anti-Sp1 Ab, goat anti-armenian hamster IgG horseradish peroxidase conjugate and sheep anti-rabbit IgG horseradish peroxidase conjugate were from Jackson ImmunoResearch Laboratories; rat antiSendai Ab was from BioReliance; sheep anti-rabbit IgG and streptavidin horseradish peroxidase conjugates were obtained from Boehringer; and biotinylated rabbit anti-goat IgG, biotinylated goat anti-rabbit IgG, biotinylated rabbit anti-rat IgG, streptavidin horseradish peroxidase conjugate, and streptavidin alkaline phosphatase conjugate were from Vector Laboratories.
Procurement and Housing of Mice. Wild-type C57BL/6J and same-strain IFN-␥ -, IL-12 p40-, and IL-12 p35-deficient mice (24) (25) (26) were obtained from The Jackson Laboratory and were maintained under pathogen-free conditions in the University biohazard barrier facility in microisolator cages for study at 7-9 wk of age. Sentinel mice (specific pathogen-free ICN strain) and experimental control mice were handled identically to inoculated mice and exhibited no serologic or histologic evidence of exposure to 11 rodent pathogens, including Sendai virus (SdV).
Isolation and Characterization of Mouse Tracheal Epithelial Cells. To isolate mouse tracheal epithelial (mTE) cells, mice were anesthetized with intraperitoneal injection of ketamine (80 mg/kg) and xylazine (16 mg/kg), and subjected to anterior neck dissection, insertion of a 22-gauge angiocatheter (Baxter Healthcare Corporation) into the trachea below the cricoid cartilage, and instillation of 1 ml of Laboratory of Human Carcinogenesis (LHC)-8E medium containing 0.1% Pronase E (Sigma-Aldrich). Proximal and distal trachea were ligated, and the trachea was removed and then incubated in PBS containing penicillin/streptomycin at 4 Њ C for 12 h. The distal ligature was removed, and dissociated cells were collected, subjected to hypotonic lysis, washed in PBS, and transferred to LHC-8E medium. Isolated cells were Ͼ 98% positive for cytokeratin immunostaining and exhibited characteristic respiratory epithelial features by transmission electron microscopy (27) .
Analysis of Epithelial Cell Levels of ICAM-1. Isolated mTE cells were treated without or with murine IFN-␥ (0-1,000 /ml) or TNF-␣ (100 /ml) for 0-24 h and lysed in 50 mM Tris, pH 8.0, 150 mM sodium chloride, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM PMSF, 25 mM iodoacetamide, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 2 mM sodium pyrophosphate, 10 mg/ml leupeptin, and 10 mg/ml aprotinin. Whole cell protein was boiled for 5 min and subjected to SDS-PAGE with 7% polyacrylamide. Protein was electrophoretically transferred to a polyvinylidine difluoride (PVDF) membrane that was then immunoblotted with hamster anti-mouse ICAM-1 IgG mAb (1.0 g/ml for 1 h at 37 Њ C) followed by incubation with goat anti-armenian hamster IgG horseradish peroxidase conjugate (0.16 g/ml for 1 h at 25 Њ C) and detection with enhanced chemiluminescence (Amersham Pharmacia Biotech). To document ICAM-1 specificity and equal protein loading, the membrane was stripped and then reblotted using rabbit anti-Sp1 pAb (1 mg/ml for 1 h at 25 Њ C) and sheep anti-rabbit IgG horseradish peroxidase conjugate (0.01 g/ml for 1 h at 25 Њ C). Image acquisition and densitometry were performed using a UMAX Power
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Look II scanner (UMAX Data Systems, Inc.) and Gel-Doc 1000 image analyzer (Bio-Rad Laboratories).
Intratracheal Cytokine Injection and Characterization of Response. Mice were anesthetized and then injected intratracheally using a 29-gauge needle and microinjection syringe (Hamilton) containing PBS (30 l) without or with murine IFN-␥ or TNF-␣ (75 g/kg) for a total of four injections at 3-h intervals. The response to cytokines was assessed at 12 h after the last injection using immunohistochemistry and analysis of bronchoalveolar lavage (BAL) fluid.
For immunohistochemistry, trachea or lung (at 25-cm water pressure) was fixed in 10% formalin, dehydrated in ethanol, embedded in paraffin, and cut into 5-M thick sections. For ICAM-1 immunostaining, tissue sections were blocked with nonimmune goat serum and then incubated sequentially with hamster antimouse ICAM-1 IgG mAb 3E2 (2.0 g/ml for 18 h at 4 Њ C), biotinylated goat anti-hamster IgG Ab (7.5 g/ml for 30 min at 25 Њ C), streptavidin-conjugated horseradish peroxidase, and 3,3 Ј -diaminobenzidine (Vector Laboratories). For IL-12 p40, tissue sections were blocked with nonimmune rabbit serum and then incubated with goat anti-mouse IL-12 p40 IgG Ab (2.0 g/ml for 18 h at 4 Њ C), biotinylated rabbit anti-goat IgG, streptavidinconjugated alkaline phosphatase complex, and red chromogen. For IL-12 p35, tissue sections underwent antigen retrieval as described previously (9) and then were blocked with nonimmune goat serum followed by incubation with rabbit anti-human IL-12 p35 IgG Ab (1 g/ml for 18 h at 4 Њ C), biotinylated goat antirabbit IgG Ab, streptavidin-conjugated alkaline phosphatase complex, and red chromogen. The same protocol was followed for IL-12 p35 Ab peptide competition experiments, except that rabbit anti-human IL-12 p35 IgG Ab (1 g/ml) was first incubated with 50 M excess recombinant human IL-12 or IL-12 p40 (for 1 h at 25 Њ C). Tissue sections were counterstained with hematoxylin, dehydrated in graded ethanol, and mounted for viewing in a photomicrography system (model D-7082; Carl Zeiss, Inc.). To quantify ICAM-1 and IL-12 p40 immunostaining, tissue section images were transferred to an image analysis program (Optimas) that was set to calculate brown or red intensity relative to the same-sized reference area (in cartilage or subepithelium) as described previously (9) . Intensity was calculated for three different areas of epithelium and averaged to obtain a value for each tissue section.
For analysis of BAL fluid, mice underwent intraperitoneal anesthesia followed by anterior neck dissection and cannulation of the trachea with a 22-gauge angiocatheter as described above. BAL was performed with three aliquots of 0.8 ml of sterile PBS, and the BAL fluid was subjected to centrifugation, and the supernatant and cell pellet used for determinations of cytokine levels and cell differentials, respectively. Murine IL-12, IFN-␥ , and IL-12 p40 were measured in duplicate using ELISA kits (R&D Systems) with sensitivities of 2.5 pg/ml for IL-12, 2 pg/ml for IFN-␥ , and 4 pg/ml for IL-12 p40 with 20% cross-reactivity for IL-12. Accordingly, the BAL fluid was concentrated 10-fold using a Centricon-10 filter (Amicon) before analysis.
Viral Infection of Mice and Characterization of Response. SdV, strain 52, was obtained from American Type Culture Collection and stored at Ϫ 70 Њ C. After anesthesia, mice were inoculated intranasally with the indicated dose (50% egg infectious dose [EID 50 ]) of SdV or with UV-inactivated SdV diluted in 30 l PBS. After inoculation, mice underwent daily inspection and body weight measurement, and at indicated intervals were used to perform immunohistochemistry and BAL fluid analysis as described above. However, in these experiments we also monitored SdV protein in tissue sections that were blocked with nonimmune rabbit serum and then incubated with rat anti-SdV Ab (1:750 vol/vol for 18 h at 4 Њ C), biotinylated rabbit anti-rat IgG Ab, streptavidin-conjugated alkaline phosphatase complex, and red chromogen. In these experiments, the BAL fluid (without concentration) was subjected to additional analyses of TNF-␣ levels by ELISA (with a sensitivity of 5 pg/ml) and IL-12 by Western blotting. For immunoblotting, cell-free BAL fluid was subjected to 10% PAGE under nonreducing or reducing (10 mM dithiothreitol [DTT]) conditions, and protein was transferred to PVDF membrane for blotting against biotinylated rat anti-mouse IL-12 p40 mAb or control anti-IgG Ab (10 g/ml for 1 h at 25 Њ C) followed by incubation with streptavidin-conjugated horseradish peroxidase (0.5 U/ml for 1 h at 25 Њ C) and detection with enhanced chemiluminescence. In these experiments, the BAL fluid cell pellet was also subjected to cytocentrifugation, methanol fixation, and Wright-Giemsa staining to obtain differential cell counts as the mean of values from two to three blinded observers, and tissue sections were also used to assess macrophage accumulation using rat anti-mouse Mac-3 mAb (1 g/ml for 18 h at 4 Њ C), biotinylated rabbit anti-rat IgG, streptavidin-conjugated horseradish peroxidase, and 3 Ј 3 Ј -diaminobenzidine. To quantitate epithelial macrophages, two blinded observers counted Mac-3-positive cells per 1 mm of epithelial basement membrane in 10 randomly chosen airways from 3 animals in each cohort. For IL-12 p40 blocking experiments, wild-type or IL-12 p35 ( Ϫ / Ϫ ) cohorts underwent treatment with control rat nonimmune IgG or rat anti-IL-12 p40 IgG mAb that was purified from athymic nude mouse ascites fluid using protein G affinity chromatography. Preliminary experiments indicated that neutralization of IL-12 p40 levels in BAL fluid was accomplished by treatment with anti-IL-12 p40 mAb given by intraperitoneal injection on postinfection days 2 and 6 (1 mg of mAb in 0.66 ml PBS per injection).
Human Tissue Procurement and Analysis. Healthy control, asthma, and chronic bronchitis subjects were recruited, characterized, and subjected to endobronchial biopsy and BAL as described previously (7, 9) . In brief, subjects were recruited using informed consent for a protocol approved by the University Committee for Human Studies and were characterized by spirometry, airway reactivity to inhaled methacholine, and skin test reactivity as summarized below in Table I . Control subjects had no clinical history of lung disease and normal spirometry and airway reactivity, whereas asthma and chronic bronchitis subjects met clinical diagnostic criteria for those diseases (28) , and asthmatic subjects had hyperreactivity to inhaled methacholine. To further determine the effect of glucocorticoid treatment, a group of asthmatic subjects were treated with inhaled fluticasone (1, 760 g/d) for 30 d before an initial bronchoscopy/BAL; fluticasone was then discontinued and subjects were monitored for an additional 6 wk or until peak expiratory flow had decreased by 25% or forced expiratory volume in 1 s by 15% at which time a second bronchoscopy/BAL was performed. For all subjects, there was no history of respiratory infection for the previous 3 mo. Endobronchial biopsies were obtained using fiberoptic bronchoscopy and then were washed with PBS and incubated with 10% neutral buffered formalin for 18 h at 25 Њ C, followed by graded ethanol dehydration, paraffin embedding, and cut into 5-m thick sections for immunostaining of IL-12 p40 and p35 using anti-human IL-12 p40 and p35 Abs as described above. BAL fluid was concentrated 35-fold using a Centriprep YM-3 concentrator (Millipore) and then used to determine levels of IL-12 p40 and p70 by ELISA kits from R&D Systems with sensitivities of 15 pg/ml for IL-12 p40 and 0.5 pg/ml for IL-12 p70 and cross-342 IL-12 and Epithelial Cells reactivities of 2.5 and Ͻ 0.1%, respectively. Concentrated BAL fluid also underwent immunoprecipitation with goat anti-human IL-12 p40 IgG or nonimmune goat IgG (2 g/ml for 4 h at 4 Њ C), incubation with protein G Sepharose (Amersham Pharmacia Biotech) for 16 h at 4 Њ C, and Western immunoblotting under reducing or nonreducing conditions with biotinylated anti-human IL-12 mAb (5.0 g/ml for 1 h at 25 Њ C) followed by incubation with streptavidin horseradish peroxidase conjugate (0.16 g/ml for 1 h at 25 Њ C) and detection with enhanced chemiluminescence (Amersham Pharmacia Biotech). Total BAL cell count was determined using a hemocytometer chamber and the BAL fluid cell pellet was subjected to cytocentrifugation, methanol fixation, and Wright-Giemsa staining to obtain differential cell counts.
Statistical Analysis. Values for cytokine-or virus-dependent changes were analyzed for statistical significance using a one-way analysis of variance (ANOVA) for a factorial experimental design. The multicomparison significance level for the one-factor ANOVA was 0.05. If significance was achieved by one-way analysis, post-ANOVA comparison of means were performed using Scheffe's F test. Mouse survival rates were analyzed using the Wilcoxon rank-sum test with a significance level of 0.05. Levels of IL-12 in BAL fluid from normals and asthmatics were analyzed using the two-sample, independent groups t test with a significance level of 0.05 (two-tailed) and a paired t test with a significance level of 0.05 (two-tailed) when comparing treatment with and without glucocorticoids. Correlation between BAL levels of IL-12 p40 and macrophages was analyzed using the t test for correlation with a significance level of 0.05 (two-tailed).
Results

TNF-␣ Drives IL-12 that in turn Drives IFN-␥ Production to Achieve Epithelial ICAM-1 Induction.
In studies of primary culture human airway epithelial cells and endobronchial explants, we found that apical and basolateral ICAM-1 , where it depends on IL-12 and IFN-␥ production. In A, airway epithelial (mTE) cells were treated with IFN-␥ (0-1,000 U/ml for 24 h and 100 U/ml for 0-24 h) or with IFN-␥ vs. TNF-␣ (100 U/ml for 24 h). For each condition, cell lysates were subjected to Western blotting with anti-ICAM-1 mAb detected by enhanced chemiluminescence. Equality of protein loading and specificity was demonstrated by reblotting against anti-Sp1 mAb (data not shown). For each condition, fold increase above control was determined using densitometry, and values represent mean Ϯ SEM for three experiments. A significant increase from untreated control value (by ANOVA) is indicated by (*). In B, wild-type (WT), IFN-␥-deficient (Ϫ/Ϫ), and IL-12 p35 (Ϫ/Ϫ) mice (all in C57BL/6J background) underwent intratracheal injection of IFN-␥ or TNF-␣. At 12 h after treatment, tracheal sections were immunostained with anti-ICAM-1 mAb, biotinylated goat anti-hamster IgG, streptavidin-conjugated horseradish peroxidase, and 3,3Ј-diaminobenzidine, and then counterstained with hematoxylin. Wild-type, IFN-␥ (Ϫ/Ϫ), and IL-12 p35 (Ϫ/Ϫ) mice injected with PBS vehicle exhibited levels of epithelial ICAM-1 similar to background (data not shown). Immunostaining with control nonimmune IgG also gave no signal above background (data not shown). Bar, 20 m. In C, tracheal sections from conditions in B underwent quantification of epithelial ICAM-1 immunostaining relative to a cartilage reference set at a value of 100. For each condition, values represent mean Ϯ SEM for three experiments, and a significant increase from PBStreated wild-type cohort is indicated by (*). expression is required for leukocyte adhesion and transmigration and is highly sensitive to IFN-␥ but poorly responsive to TNF-␣ (references 4, 5, 7, 9, 10, and 12 and unpublished observations). For these experiments, we first verified that this profile of cytokine responsiveness for ICAM-1 gene expression was similar in isolated mTE cells (Fig. 1 A) .
We then extended these observations to an in vivo system by intratracheal injection of cytokines in mice using a schedule that depended on the minimal doses of IFN-␥ and TNF-␣ required to induce epithelial ICAM-1 expression by tissue immunostaining. In this system, treatment with both IFN-␥ and TNF-␣ resulted in equivalent ICAM-1 induction by immunostaining (Fig. 1, B and C) or immunoblot of tracheal tissue (data not shown). The pattern of ICAM-1 expression on both apical and basolateral surfaces was similar among groups and to one that we have described previously using laser scanning confocal microscopy (7, 9) . Because TNF-␣ did not induce epithelial ICAM-1 in vitro, we reasoned that its effectiveness in vivo might depend on direct or indirect stimulation of IFN-␥ production. This possibility was confirmed when we found that TNF-␣ induction of epithelial ICAM-1 was blocked in mice deficient in IFN-␥ (Fig. 1, B and C) . In this case, TNF-␣ was still capable of stimulating ICAM-1 expression on capillary endothelium consistent with TNF-␣ responsiveness of isolated endothelial cells (4, 5) .
In other systems, especially Th1 cell development, it appears that IFN-␥ production may depend on stimulation by macrophage-derived IL-12 (29, 30) . Although TNF-␣-driven IL-12 production leading to IFN-␥ generation has not been clearly ordered in vivo, we reasoned that this sequence might lead to epithelial ICAM-1 expression in the present model. This possibility was first supported by the finding that TNF-␣ induction of epithelial ICAM-1 was blocked in mice rendered deficient in IL-12 production by disruption of the IL-12 p35 gene (Fig. 1, B and C) . To next define whether TNF-␣ induction of IL-12 release was upstream of IFN-␥ production, we determined levels of IL-12 and IFN-␥ in wild-type versus IL-12 p35-deficient mice. We found that TNF-␣-driven induction of IL-12 release proceeded as expected in the IFN-␥-deficient mouse, whereas induction of IFN-␥ was blocked in the IL-12 p35-deficient mouse (Fig. 2) . Taken together, these findings support the possibility that TNF-␣ initiates a cytokine cascade that includes initial IL-12 followed by IFN-␥ release to achieve target gene (in this case, ICAM-1) expression on airway epithelial cells. In these experiments, it appears that induction of IL-12, at least as assessed in BAL Fig. 1 . At 12 h after treatment, tracheal (rows 1 and 3) or bronchial (rows 2 and 4) tissue was fixed in formalin, blocked with nonimmune goat or rabbit serum, and then incubated with anti-IL-12 p40 or p35 Ab. For p35 immunostaining, tissues were also subjected to antigen retrieval (using 10 mM Citra solution for 10 min at 98ЊC). Primary Ab binding was detected by incubation with biotinylated rabbit anti-goat or goat antirabbit IgG, streptavidin-conjugated alkaline phosphatase complex, and a red chromogenic substrate, and tissues were counterstained with hematoxylin. Control goat nonimmune IgG gave no signal above background (data not shown). In B, wild-type C57BL/6J mice were treated with PBS as described in the legend Fig. 1 . Tracheal tissue sections were incubated with control rabbit nonimmune IgG, anti-IL-12 p35 pAb, or anti-IL-12 p35 pAb in the presence of recombinant murine IL-12 p40 or IL-12 followed by detection of primary Ab binding and hematoxylin counterstaining as described in A. Bars, 20 m.
fluid, is induced to a level that overcomes any antagonistic action of endogenous IL-12 p40 (Fig. 2) .
TNF-␣ and Viral Tracheobronchitis Selectively Induce IL-12 p40 Expression in Airway Epithelial
Cells. In other systems, IL-12 is selectively produced by immune cells, especially antigen-presenting cells, and production depends on induction of the IL-12 p40 subunit in the context of constitutive p35 expression (16) . However, when we submitted tracheal and lung tissue from TNF-␣-treated mice to immunohistochemistry, we found that airway epithelial cells were the predominant site of induction of IL-12 p40 expression (Fig. 3) . We also found constitutive IL-12 p35 expression in airway epithelial as well as other parenchymal and immune cells (Fig. 3) . To next determine whether a more natural stimulus of airway inflammation might cause similar upregulation of IL-12 expression, we examined the response to an inoculum of Sdv (5,000 EID 50 ) that causes reversible tracheobronchitis and bronchiolitis with transient epithelial expression of SdV protein (that is maximal at day 5 and undetectable by day 8 after viral inoculation) and mononuclear cell influx that is limited to the adjacent bronchovascular tissue compartment (Fig. 4 , and data not shown). In this setting, we found that induction of IL-12 p40 was again localized to airway epithelial cells, rather than adjacent mononuclear cells, and was colocalized (temporally and spatially) with SdV protein expression, whereas constitutive expression of IL-12 p35 remained unchanged in all cell populations (Fig. 4) . Thus, airway epithelial cells (rather than immune cells) appear to be the major cellular source for IL-12 p40 production during airway inflammatory conditions initiated by TNF-␣ administration or respiratory viral infection.
Early Induction of Epithelial IL-12 Followed by IL-12 p40
Homodimer Expression during Viral Bronchitis. As noted above, IL-12 production is often (but not always) limited by production of IL-12 p40 (16, 31), so we expected these measurements to track together (as was the case for TNF-␣ stimulation experiments noted above). Indeed, this appeared to be the case at early times after viral inoculation (e.g., day 1 and 3; Fig. 5 A) when concentrations of IL-12 Wild-type C57BL/6J mice underwent intranasal inoculation with SdV (5,000 EID 50 in 30 l of PBS), and lungs were removed and fixed in formalin on day 1, 3, 5, and 8 after inoculation. In each case, tissue was immunostained for IL-12 P-40 and p35 as described in the legend to Fig. 3 and similarly for viral protein (labeled SdV) using rat anti-SdV pAb. In mice inoculated with UV-inactivated Sdv, IL-12 p40 immunostaining was not detected and IL-12 p35 constitutive immunostaining was unchanged from untreated control mice (not shown). Control rat, goat, or rabbit nonimmune IgG gave no signal above background (data not shown). Bar, 20 m. Figure 5 . Early induction of IL-12 p70 followed by predominant release of IL-12 p40 into the airway during viral bronchitis. Wild-type mice were inoculated with SdV or UV-inactivated SdV as described in the legend to Fig. 4 . In A, at the indicated times after inoculation, BAL fluid was obtained for duplicate measurements of IL-12 and IL-12 p40 levels by ELISA. All values represent mean Ϯ SEM (n ϭ 4). A significant increase from PBS-treated cohort or UV-activated SdV cohort (by ANOVA) is indicated by (*). In B, BAL fluid from day 5 after inoculation was subjected to Western blotting against anti-IL-12 p40 mAb under nonreducing conditions or control anti-mouse IgG Ab under reducing conditions with detection by enhanced chemiluminescence. Bands corresponding to IL-12 p40 homodimer (p80), IL-12 (p70), IL-12 p40 monomer (p40), and mouse IgG are indicated by arrows. p40 were relatively low (Ͻ50 pg/ml) and similar to the range that we observed for TNF-␣ stimulation experiments. In addition, however, at later times after SdV inoculation (e.g., day 5 and 8; Fig. 5 A) , we observed a marked increase in IL-12 p40 relative to IL-12 levels, so that the ratio of IL-12 p40/p70 was in excess of 75:1 (Fig. 5 A) . Western blots of BAL fluid indicated that a significant proportion of IL-12 p40 existed as the IL-12 p40 homodimer (designated IL-12 p80; Fig. 5 B) .
IL-12 p40 Overproduction and Macrophage Accumulation Linked to Viral Bronchitis. To define the roles for IL-12 and IL-12 p40 homodimer production during viral bronchitis, we compared wild-type mice to mice rendered deficient in IL-12 p35 (but still capable of IL-12 p40 and p80 generation) versus mice deficient in IL-12 p40 (and so incapable of generating IL-12 or functional IL-12 p40). After SdV inoculation at 5,000 EID 50 we found a trend towards greater weight loss in the p35-deficient animals (data not shown), and at 50,000 EID 50 we observed an increased mortality rate and a persistent viral pneumonia in IL-12 p35 (Ϫ/Ϫ) mice compared with wild-type and IL-12 p40 (Ϫ/Ϫ) mice (Fig. 6) . We found no difference in susceptibility to infection between wild-type and IL-12 p40 (Ϫ/Ϫ) mice, and no differences in viral persistence or histologic features of viral pneumonia between these two groups of mice (Fig. 6, and data not shown) . Similarly, we found no difference in IFN-␥ levels in BAL fluid in the presence or absence of IL-12 or IL-12 p40 (Fig. 7 A) , indicating that SdV infection triggers IFN-␥ production pathways that do not depend on IL-12 but may instead depend on IFN-␣/␤ (32). However, even if there were differences in IFN-␥ production, we have also found that IFN-␥ (Ϫ/Ϫ) mice exhibit no increase in susceptibility in this model (33) . In these same groups of mice, we found concomitant virusinducible release of TNF-␣ (Fig. 7 A) , suggesting (as noted above) that TNF-␣ may help drive IL-12 p40 gene expression in this setting.
The selective increase in mortality rate for the IL-12 p35 (Ϫ/Ϫ) mice indicated that IL-12 p40 exerts a biologic function in the absence of IL-12. Furthermore, postmortem histopathology indicated that organ abnormalities were confined to the lung (data not shown). To better define the mechanism for how IL-12 p40 expression (in the absence of IL-12) may lead to increased morbidity from SdV infection, we next determined the lung levels of IL-12 p40 under these conditions. We found that the increased mortality was associated with increased levels of IL-12 p40 in BAL fluid (Fig. 7 B) and serum (data not shown) relative to wild-type mice. These findings indicated that IL-12 and/or IL-12 p35 may prevent overexpression of IL-12 p40 (i.e., negative feedback). We note that the persistence of low levels of p40 in p40 null mice is likely due to the generation of a nonfunctional p40 fragment as described previously (25), as we observed SdV induction of this fragment at least at the mRNA level by reverse transcription PCR (data not shown). By contrast, IL-12 p80 exhibits selective macrophage chemoattractant activity in vitro and in vivo (34) . Consistent with this observation, we detected a selective enrichment in macrophages in BAL fluid (Fig. 7 C) and accumulation of macrophages in bronchial and bronchiolar epithelium (Fig. 7 D) in IL-12 p35-deficient mice that overproduce IL-12 p80. Quantitation of tissue macrophages more precisely supported these findings (Fig. 7  D) . Moreover, neutralization of IL-12 p40 and p80 (by treatment with anti-IL-12 p40 mAb) prevented the enhanced macrophage accumulation in the BAL fluid (Fig. 8) and reversed the increased mortality in IL-12 p35-deficient mice (from 12% survival after treatment with control IgG to 22% with anti-IL-12 p40 mAb compared with 25% in wild-type mice treated with control IgG; n ϭ 8-16 mice per group). However, we note that all cohorts exhibit higher mortality rates when injected with mAb, IgG, or PBS compared with uninjected mice, likely reflecting the added stress of intraperitoneal injection procedures during viral bronchopneumonia. Taken together, it appears that epithelial overexpression of IL-12 p80 may cause macrophage accumulation and so contribute to airway inflammation and consequent morbidity during viral bronchitis. Figure 6 . Decreased survival from viral bronchopneumonia in IL-12 p35-deficient mice. In A, wild-type (WT), and IL-12 p35 (Ϫ/Ϫ) and p40 (Ϫ/Ϫ) C57BL/ 6J mice were inoculated with SdV (50,000 EID 50 ) and monitored for survival by KaplanMeier analysis (n ϭ 29, 19, and 27 in each group, respectively). A significant decrease in survival (by Wilcoxon rank-sum test) is indicated by (*). In B, the same cohorts were inoculated with SdV (50,000 EID 50 ), and lungs were removed at days 7, 9, and 10 after inoculation for hematoxylin/eosin staining and photomicrography. Bar, 50 m.
IL-12 and Epithelial Cells
Selective Induction of IL-12 p40 Expression in Airway Epithelial Cells in Asthmatic Subjects. The results in mice suggest that overexpression of IL-12 p40 by the airway epithelium may lead to airway inflammation. As noted above, we have suggested that abnormal programming of epithelial immune response genes may serve as a basis for airway inflammation due to asthma (7, 9) . Accordingly, we next determined the level of IL-12 p40 and p35 expression in endobronchial biopsies and IL-12 and IL-12 p40 levels in BAL fluid obtained from normal versus asthma or chronic bronchitis subjects (characterized in Table I ). In endobronchial biopsies, we found that airway epithelial cell IL-12 p40 expression was present in each of seven asthmatic but none of seven normal or eight chronic bronchitis subjects, whereas IL-12 p35 expression was constitutively expressed in airway epithelial, parenchymal, and inflammatory cells from all groups of subjects (Fig. 9 ). In addition, we found that increased epithelial IL-12 p40 expression in asthmatic subjects resulted in increased BAL fluid IL-12 p40 (but not IL-12 p70) concentrations that was unaltered by the concomitant administration of inhaled or systemic glucocorticoids (Fig. 10, A and B) . Additional experiments using a glucocorticoid withdrawal protocol to compare six asthmatic subjects to themselves with and without glucocorticoid treatment confirmed the lack of correlation between treatment status and IL-12 p40 levels in BAL fluid (20.5 Ϯ 8.5 pg/ml and 31.4 Ϯ 8.0 pg/ml with and without treatment, respectively; P Ͼ 0.05). Further analysis of BAL fluid samples indicated that IL-12 p40 appeared to be expressed predominantly as the homodimer (although background in concentrated BAL fluid is necessarily increased) and to correlate with macrophage accumulation (Fig. 10, C and D) . The asthmatic BAL fluid IL-12 p40/p70 ratio was elevated Figure 7 . Decreased survival from viral bronchopneumonia driven by overexpression of IL-12 p40 homodimer and macrophage accumulation. In A and B, wild-type (WT) and IL-12 p35 (Ϫ/Ϫ) and p40 (Ϫ/Ϫ) C57BL/6J mice were inoculated with PBS vehicle, UV-inactivated SdV, or SdV (50,000 EID 50 ), and IFN-␥, TNF-␣, and IL-12 p40 levels were determined in BAL fluid obtained at day 7 after inoculation. In C, wild-type and IL-12 p35 (Ϫ/Ϫ) and p40 (Ϫ/Ϫ) mice were inoculated with SdV (50,000 EID 50 ) and differential cell counts were determined in BAL fluid obtained at day 7 after inoculation. In A-C, values represent mean Ϯ SEM (n ϭ 4), and a significant difference from the wild-type cohort is indicated by (*). In D, wild-type, IL-12 p35 (Ϫ/Ϫ), and IL-12 p40 (Ϫ/Ϫ) mice were inoculated with SdV (50,000 EID 50 ) and lungs at day 7 were removed and immunostained with anti-Mac3 mAb and counterstained with hematoxylin. Control nonimmune IgG gave no signal above background (not shown). Bar, 20 m. Quantitation of macrophages per mm in length of basement membrane are provided as mean Ϯ SEM (n ϭ 5) for each condition. relative to normal subjects at a level (mean ratio of 221 Ϯ 86) similar to the one found in viral bronchitis. Taken together, this data indicated that airway epithelial IL-12 p40 overexpression (particularly as the homodimer) may similarly contribute to airway inflammation in asthmatic subjects as it does during viral infection.
Discussion
IL-12 (p70) is produced by antigen-presenting cells (i.e., macrophages, dendritic cells, and B cells) in other settings, presumably because of restricted expression of the IL-12 p40 gene. Thus, original identification of IL-12 p40 in mice was limited to lymphoid tissue (35) and induction requires a signaling pathway that appropriately activates nuclear factor (NF)-B (14, (36) (37) (38) (39) (40) . In turn, IL-12 action depends at least in part on its capacity to drive IFN-␥ production and Th1 cell responses (41) (42) (43) (44) (45) (46) (47) (48) . Thus, mice deficient in IL-12 are unable to produce IFN-␥ and exhibit a Th2 response and increased susceptibility to infection with certain bacteria, parasites, and viruses (25, 26, 29, 32, 49) . Similarly, human subjects with inactivating mutations of the IL-12 receptor exhibit enhanced susceptibility to Mycobacterial and Salmonella infections, a phenotype also observed in subjects deficient in the IFN-␥ receptor (50) (51) (52) . These previous studies implied a critical role for IL-12 in Th1-dependent immunity, but did not yet define a distinct role for IL-12 p40. In fact, most evidence indicated that IL-12 p40 served only as a physiologic antagonist to downregulate excessive and potentially harmful IL-12 action (18) (19) (20) (21) (53) (54) (55) (56) . Two recent reports indicated that p40 may also act as an agonist to enhance alloantigen-specific Th1 development or to recruit macrophages in a tumor model system (34, 57) . However, these recent reports did not use genetically modified mice to define endogenous IL-12 p40 action in these settings, and none of the reports examined the behavior of IL-12 p40 in the setting of infection.
Here we describe induction of IL-12 p40 gene expression in response to TNF-␣ or respiratory paramyxoviral infection in mice and localize the predominant site of expres- Figure 9 . Selective induction of epithelial IL-12 p40 expression in asthmatic subjects. In A, endobronchial biopsies from normal control, asthmatic, and chronic bronchitis subjects were immunostained with control nonimmune IgG or with anti-IL-12 p40 or p35 Ab as described in the legend to Fig. 3 . Bar, 20 m. Representative photomicrographs of biopsies from seven control, seven asthmatic, and eight chronic bronchitis subjects are shown. In B, endobronchial biopsy sections from conditions in A underwent quantification of epithelial IL-12 p40 immunostaining relative to a subepithelial reference set at a value of 100. For each condition, values represent mean Ϯ SEM for each cohort, and a significant increase from immunostaining with control nonimmune IgG is indicated by (*). Figure 10 . Selective IL-12 p40 release in asthmatic subjects is independent of glucocorticoid (GC) treatment and associated with macrophage accumulation. In A and B, BAL fluid from 10 normal, 4 asthmatic (without glucocorticoid treatment,) and 7 asthmatic subjects (with glucocorticoid treatment) was concentrated 35-fold and used for duplicate measurements of IL-12 p70 and p40 levels by ELISA. Mean value for IL-12 p40 is represented by bold line and P values are indicated. In C, concentrated BAL fluid from normal and asthmatic subjects was subjected to immunoprecipitation and Western blotting against anti-IL-12 p40 Ab using nonreducing (top blot) or reducing (bottom blot) conditions and enhanced chemiluminescence detection. Bands corresponding to IL-12 (p70) and IL-12 P-40 monomer (p40) were identified using recombinant protein standards (Std) and are indicated by arrows. Immunoprecipitation with control nonimmune IgG gave no signal above background (data not shown). In D, BAL fluid levels of macrophages and IL-12 p40 were determined for each sample obtained from each asthmatic subject and then subjected to correlation analysis (r, correlation coefficient).
sion to the airway epithelial cell. We further demonstrate that overexpression of IL-12 p40 in this setting leads to virus-inducible airway inflammation in mice, and we define the same pattern of expression in association with airway inflammation in asthmatic subjects. These findings therefore have implications for IL-12 p40 gene expression in relation to antiviral immunity and inflammation, barrier epithelial cell function, and pathogenesis of asthma, and we discuss each separately.
In relation to antiviral immunity, we note that IL-12-dependent events have a variable role depending on the type of viral infection. The role of IL-12 in this setting depends on the relative dependence on CD8 ϩ T cells, CD4 ϩ T cells that provide variable help for B cells and CTL responses, and the direct effects of antiviral cytokines such as TNF-␣ and type I and II interferons. Depending on the type of virus, IL-12 treatment may or may not be protective, and conversely, IL-12-deficient mice may or may not show an increase in susceptibility to infection (32, 49) . In the case of Sdv, it appears that mucosal immunity may develop normally in the absence of IL-12 or IFN-␥ production. These findings are consistent with the dominant role of class I MHC-restricted CD8 ϩ T cells in clearing Sendai viral infection (58), but it is still possible that IL-12 has a protective role. Thus, IL-12 p40 homodimer has high affinity for the IL-12 receptor (14, 54, 59) and so functions as an efficient IL-12 antagonist. As protective effects of IL-12 may be distinct from those that allow for IFN-␥ production (49), it is possible that these beneficial effects were lost in the presence of high levels of IL-12 p40 homodimer. In essence, wild-type mouse with high levels of p40 homodimer and consequent IL-12 antagonism would be rendered similar in IL-12 function to the IL-12 p40-deficient mouse. Thus, neither present nor previous studies adequately exclude a role for IL-12-dependent IFN-␥-independent events in mucosal immunity to viruses. As endogenous IL-12 may be derived from the viral host cell, in this case the airway epithelial cell, it appears that this cell population may still have an IL-12-dependent role in mediating innate immunity.
In addition to antagonist effects of IL-12 p40, especially as a homodimer, our report provides evidence of its action as an agonist in the setting of viral infection. Thus, excessive IL-12 p40 levels found in IL-12 p35-deficient mice led to macrophage accumulation in tissue and airspace compartments. Whether this abnormality is a direct effect of IL-12 p40 is not yet certain, but is consistent with IL-12 p40 homodimer (and IL-12) action as a selective chemoattractant for macrophages, especially because this action is additive rather than antagonistic with IL-12 (34) . It is uncertain whether IL-12 p40 also influences other macrophage functions for host defense and/or allergic disease, such as antigen presentation (60) . However, this data indicate that the role of IL-12 p40 extends beyond one of IL-12 antagonism and in that capacity beyond one for triggering IFN-␥ production.
The unusual action of IL-12 p40 in the setting of paramyxoviral bronchitis is coupled with the distinct cellular location. Thus, others have noted that IL-12 was expressed mainly by macrophages in viral infection (61) , but in this study and others, the analysis was often restricted to recruited or circulating immune cells. For viruses trophic for hematopoietic or lymphoid cells, this approach may be appropriate, but in this case, direct examination of the viral host cell appears critical. In fact, the site of IL-12 gene expression may reflect direct activation by the virus. In other cell systems, it appears that expression of the murine and human IL-12 p40 genes depends in part on transcriptional activation via a conserved NF-B half-site that binds NF-B complexes (39, 40, 62) . TNF-␣ blocking strategies (anti-TNF-␣ Ab and TNF-␣ receptor [Ϫ/Ϫ] mice) have demonstrated that TNF-␣ is necessary for efficient IL-12 p40 expression (36, 37) . TNF-␣ can also act to inhibit induction of IL-12, especially in the setting of IFN-␥ priming (63) (64) (65) . Taken together, it appears that TNF-␣ may participate in initiation as well as subsequent limitation of IL-12 production. Our report adds that TNF-␣ is sufficient for acute induction of IL-12 expression and subsequent action on IFN-␥ production, but insufficient (in the case of intratracheal TNF-␣ administration or IL-12 p35 deficiency) to induce IL-12 p40 overexpression. Similarly, TNF-␣ generated during paramyxoviral infection may drive induction of epithelial IL-12 gene expression, but this pathway may not yet fully explain the selective expression in infected epithelial cells. Thus, whether TNF-␣ synergizes with other viral actions on the host cells or whether virus may directly activate the IL-12 p40 gene via innate signaling pathways as is the case for other epithelial immune-response genes (66) is still under study.
The possibility that epithelial cells are a source for IL-12 is not completely without precedent. Others have shown IL-12 p40 mRNA expression and IL-12 release in epidermal cell preparations from skin treated with trinitrochlorobenzene, and IL-12 appeared to be generated by keratinocytes, as it persisted when immune cells were depleted from the preparation (67) . Similarly, IL-12 and IL-12 p40 mRNA were detectable in cultured keratinocytes after treatment with phorbol-12,13-dibutyrate or ultraviolet light as well as after herpes simplex infection (68) (69) (70) . However, none of these reports provided in situ evidence of IL-12 production in epithelial cells, any analysis of relative levels of IL-12 or IL-12 p40, or any definition of function in vitro or in vivo. Nonetheless, it is possible that regulated production of IL-12 p40 may be a general property of epithelial barrier cells and mucosal immunity. In that regard, one group has noted that Abs to IL-12 abrogate experimental colitis in a mouse model of inflammatory bowel disease (71) , but the cellular source and molecular characteristics of IL-12 production in this case or other cases of mucosal inflammation was not defined.
However, in this study we examined the further possibility that the pattern of IL-12 expression in murine viral bronchitis might be informative for mechanisms of airway inflammation in human subjects. In particular, we provide the first evidence that asthma, often characterized as a condition that depends on overexpression of Th2 and underexpression of Th1 cytokines by immune cells, does in fact also exhibit overexpression of IL-12 p40 that appears to be chiefly derived from airway epithelial cells. This finding offers two new possibilities for a role of IL-12 p40 in asthma: (a) antagonism of endogenous IL-12, and so skewing the local cytokine environment towards a Th2 immune response; or (b) function as an agonist, e.g., as a macrophage chemotactic factor, and so precipitating inappropriate airway inflammation. In fact, some (but not all) previous studies find significant macrophage accumulation in the submucosal and intraepithelial airway tissue of asthmatic compared with normal subjects (72, 73) , whereas others provide evidence of macrophage activation in asthma (74) as well as an increase in number and activation state of airway macrophages during allergen challenge in asthma (75) .
Although the precise action and characteristics of IL-12 p40 in asthma requires further definition in experimental models, its expression further establishes a pattern of epithelial cell behavior in asthma. Thus, our previous work indicated that airway epithelial cells express at least two subsets of immune response genes (typified by ICAM-1 and RANTES) that appear critical for mucosal immunity (Walter, M.J., and M.J. Holtzman, unpublished observations; and references 4-7, 9, and 12). Each set of genes also appears to be overexpressed in asthma even in the absence of signs of a viral infection (7, 9) . The present results therefore further support an altered paradigm in which epithelial immune response genes are specially programmed for innate immunity and abnormally expressed in asthma. The results further raise the possibility that this component of the innate immune response is abnormally programmed for an antiviral response in this disease.
